In this paper, we report on the design, fabrication, and testing of a polymer micro fluidic chip for Electrospray Ionization Mass Spectrometry (ESI-MS). A disposable plastic chip is designed to be fabricated using the hot-embossing process on polystyrene (PS) and polycarbonate (PC) substrates. The chip has an open reservoir, which is connected to an open channel that runs to the tip of the chip. A high voltage circuit is required to form the electrospray at the tip using methanol/water solution with an electrode wire in the reservoir. We have tried to minimize sources of impurities entering the microchannel, and hence, the MS, by careful selection of the fabrication process and electrode and use of open channel. The hot-embossing process is modeled using ANSYS to design the tool and predict the channel and reservoir shape and deformation. The simulation results provide an insight into the hot embossing process. Several samples are fabricated and tested, and the electrospray experimental results are reported. Laser machining and electroforming processes were investigated for fabricating the hot-embossing tool, and the results are reported.
INTRODUCTION
Electrospray Ionization Mass Spectrometry (ESI-MS) is used extensively by researchers worldwide because it is amongst the most sensitive methods available for detection and estimation of mass to charge ratio of ions of individual molecules in fluid samples. Research publications involving electrospray (ES) have shown that ESI-MS is important to many fields including biochemistry, plant physiology, analytical chemistry, clinical chemistry and microbiology. Nanospray ES was pioneered by Fenn and ES by Dole (1968) cited by Gaskell 1 . Research in the last decade has investigated nanospray ESI-MS approaches because of its potential to reduce sample size and increase throughput screening, while achieving similar or higher sensitivity and at a reduced cost. The issues that have been researched and are still the subject of research are ease of use, ease of fabrication, materials and chemical properties, stability of Taylor cone, electrode and operating voltage, reproducibility of results, sensitivity (S/N) ratio, delivery of analyte to emitter, clogging, additional functionality for chip systems, interfacing to existing instruments and equipment, re-usability or disposability, additional functionality, automation, and chip platform versus capillary approach. While the various issues above have progressively been researched and achievements been made over the last decade, improvements in terms of Design For Manufacture (DFM), ease of operation, ease of interfacing for high throughput screening are still necessary before nanospray ESI approaches are more widely adopted. Some nozzles and nanospray emitters have been developed to a commercial stage in the last few years, but these are few and have been tested and reported by some researchers.
The success of products using micro functions and their enhanced evolution to mass manufacture will be a key component of future research and development. Microfabricated devices have two distinct advantages: miniaturization and integration, and hence, the field of microfabrication has experienced rapid growth in recent years in response to the demand for high speed, high throughput analytical systems capable of handling minute amounts of samples especially for biological importance. With the current awareness in microfabricated devices for sample preparation, low-flow techniques are being developed for optimized utilization of time and to enhance sensitivity. The trend is to further decrease the dimension of the analytical system, and thereby, the flow rates by using integrated microchips coupled to ESI-MS. Conventional ESI sources include the capillary and the nozzle approach which have limitations of being expensive to be used as disposable devices, contamination of the fluid samples entering the MS, and requirement of sample pretreatment to prevent clogging of the emitter tips. Modern development is to refine the conventional sources by chip platform approach which can be fabricated with less manufacturing cost and time and are used as disposable devices. These microchips systems have the ability to demonstrate ES with minimum sample requirement and can be mass manufactured.
The motivation for this study was to demonstrate electrospray from a polymer microfluidic chip which can be fabricated in a cost effective manner and aimed for mass manufacture. Previous microchip systems have had issues like bonding and use of glue for electrode attachment, and thereby, clogging of the microchannel by the glue entering the channel, and also contaminating the fluid sample. We are keen to minimize sources of impurities entering the microchannel, and hence, the MS by careful selection of the fabrication process, the electrode and the fluid samples. This paper will give an overview of the activities in this research project. The activities related to ESI-MS especially the development of a novel electrospray system, simulation of the hot embossing process in ANSYS and the experimental results are reported. An important focus of this project is on the prediction of the channel shape and deformation using ANSYS, obtaining the hot embossing parameters -temperature and pressure from simulations.
ELECTROSPRAY PROCESS
Electrospray Ionization (ESI) is a process of generating a very fine liquid aerosol (micro droplets) through electrostatic charging by applying electricity to the fluid in a capillary or a nozzle. It is an electrokinetic phenomenon in which the fluid sprays out at the emitter tip by applying high voltage to it. The electrospray process, which occurs at the tip of the emitter, can be viewed through a high-powered microscope. Figure 1 shows a schematic diagram of the basic electro spray process. The electrospray mainly consists of three regions which are Taylor cone region, jet region, and ionization region (plume) as shown in Figure 1 . The ions produced by ESI are directed towards the inlet of the mass spectrometer. The interface plate of MS acts as a target surface and as a counter electrode (Kameoka 2 ).The ions are then sucked into the vacuum region of the mass spectrometer for chemical analysis. The key controlling parameters of the process are liquid electric conductivity, flow rate (0.03-0.6 µl/min), emitter and tip inner diameters and the high voltage applied in increments. The Electrospray process has functional use in many scientific applications in which a steady stream of tiny droplets are required such as spray coating, ink-jet printing, aerosol formation and mass spectrometry. Some of ESI-MS applications involve the study and discovery of novel proteins and peptides, creating the new field of proteomics, analysis of DNA samples and other bio-medical samples.
LITERATURE REVIEW

Wilm and Mann
3 produced a Nanospray which was achieved by pulling the spray in capillary to a fine tip, and this is amongst the earliest nanospray ESI work. Desai et al. 4 developed a PSG microfluidic chip with nozzle and integrated particle filter on silicon nitride base. Ramsey and Ramsey 5 developed and described a method of generating of electrospray from small channels in substrate. Shiea and Yuan 6 have generated an electrospray from an open channel with a sharp exit on a PMMA chip. Gac et al. 7 fabricated an SU-8 emitter tip, which was based on fountain pen and capillary action for fluid flow to the tip. Their approach produced a simple, planar design, requiring lower voltage with as good S/N ratios as fused silica nano-ESI sources. Chen et al. 8 fabricated a PMMA chip using hot-embossing. The chip had three reservoirs connected to a microchannel. A polymer capillary was coupled to the chip, and its end pulled to a needle point as the nanospray emitter. Their design was mass producible, low cost and disposable after a number of repeated uses. Lazar et al. 9 used a CEC chip of glass substrate and integrated polymeric separation channel with EO pumping to a fused-silica capillary emitter for ESI-MS. Liu et al. 10 used a stainless steel capillary with protruding carbon tip for their nanospray ESI. They achieved a stable, symmetric Taylor cone with wide range of flow, and equal sensitivity to conventional nanospray emitters.
RESEARCH METHODOLOGY
Proposed Microfluidic Chip
Disposable plastic chips fabricated on polystyrene and polycarbonate substrates with open channels are described here with the electrospray system. The definition of the outlet end of the microchannel (nozzle) is important to achieve good electrospray performance, and hence, hot-embossing was chosen for this reason. The hot-embossing process is achieved by making the embossing tool in Nickel. The size of the plastic chip used in the embossing process was 75 mm x 30 mm x 1.2 mm and the average dimensions of the microchannels fabricated were 180 µm width x 150 µm depth and 12.5 mm length with a reservoir of 3 mm in diameter and 0.5 mm depth. The Dynamic Mechanical Analyzer (DMA) test was done on these polymers in order to measure the Young's modulus of polystyrene at various temperatures and to obtain the glass transition temperature (Tg) needed for hot-embossing process temperature.
Materials Used
Polystyrene (PS) and polycarbonate (PC) sheets were used based on availability and suitability for small and large production runs. PS and PC are common materials used in the manufacturing industry due to easy processing, low cost and excellent clarity. The other major advantages include low shrinkage rates during thermoforming, excellent stiffness, and resistance to chemicals, remote reactance to salts, and wide melting point. For the hot embossing process, Nickel material was selected to make the tool. Also, high carbon bright steel (silver steel) was used for laser machining of the prototype tool.
EXPERIMENTAL PROCEDURE
Preliminary Prototypes
To test the concept of an open microchannel design, the prototype chips were made by dragging a sharp blade along the surface of the chip to produce a microchannel. The first step was to mill out the outline of the polymer substrate as shown in Figure 2 . The second step was to drill the reservoirs at the respective positions, and the final step was to produce the microchannel by dragging the blade starting from reservoir to the tip of the microchip. All these fabrication steps were done on a CNC milling machine. The prototypes obtained were viewed under an Olympus FV 1000 Confocal Microscope to measure the channel dimensions, as shown in Figures 3 and 4 with an indicated scale of 100µm. The images were acquired with a FDI CCD camera attached to the microscope and the software used to record images from the microscope is Gel Pro Analyzer. However, there was a slight variation (+/-10µm) in the dimensions measured to the actual dimensions of the design. Figure 4 shows images of channel and microchip tip observed under a microscope for two prototypes. The pictures show rough surfaces with deposits and ridges formed. The exit in some cases was partially obstructed by poor formation, and the microchannel was not properly aligned with the tip of the chip. The best quality prototypes made this way were selected for testing to produce an electrospray.
Fluid Samples
After careful investigation and evaluation of various fluid samples, the following samples were selected and prepared based on the availability and chemical properties.
• Methanol (70%) and water (30%)
• Ethanol (70%) and water (30%)
• Acetonitrile (75%) and water (25%)
Firstly, the chip prototypes were tested with the above fluid samples for fluid flow (capillary action). One micro liter of fluid sample was dropped in the reservoir of the microchip. It was observed that as soon as fluid droplet was added into the reservoir by a micropipette, the fluid moved till the tip of the microchannel by capillary action. This was verified by the fluorescent dye method experiment done on the microscope which indeed proved that the channel was filled with the fluid. As the fluid moves into the microchannel by capillary action, we have eliminated the use of syringe pumps which is generally used for filling the microchannel/capillary with the fluid sample in the systems reported in the literatureKameoka et al. 11 and Ssenyange et al. 12 . The high voltage required for electrospray was introduced into the sample solution of Methanol/Water by inserting either a copper or stainless steel electrode in the reservoir. Stainless steel is preferred to help minimize impurities. Figure 5 shows the electrical circuit diagram and arrangement. The positive terminal of high voltage is connected to the microchip electrode and the negative is connected to the multimeter, which is connected in series to the counter electrode (Aluminium plate). The high voltage power supply (Stanford Research Systems PS 300) allowed the DC voltage to be set to the desired value. Figure 6 shows the stainless steel electrode inserted in the reservoir and the chip tip a few millimeters away from negative aluminum plate collector. 
Electrical Circuit for Electrospray
Electrospray Testing Procedure
After the fluid droplet was added to the reservoir by a micropipette, the high voltage was switched on. The solution travels from the reservoir to the channel tip by capillary action and the voltage is increased in uniform increments until electrospray is initiated. The fluid in the reservoir was continuously drawn through the channel as the electrospray was initiated at the tip of the channel. The onset and duration of the electrospray was observed by the measurement of current using a multimeter. The voltage was further increased until a stable ES was observed. The fluid sample consumption rate was approximately 0.5 -1 µl/min. The fluid accumulated at the Aluminum plate as a result of electrospray phenomenon. The results show that the chip distance from the counter electrode plays a significant role in the electrospray formation. The alignment of the microchannel with the microchip outlet also helps in obtaining a stable ES. Figure 7 shows accumulation and formation of the fluid droplet on the Aluminum plate which is as a result of electrospray phenomena. The aluminum plate was used to simulate the presence of interface plate of mass spectrometer inlet. In MS, the tip of the chip is placed a few millimeters away from the vacuum inlet of the instrument. Thereafter, the ions are sucked into vacuum region and transferred for further analysis in MS. 
Precautions and Observations
Care should be taken when using the High Voltage power supply and supervision is recommended. From this experiment, one important observation was that for a microchannel of length 12.5 mm, a high voltage of 5000V was required for stable ES. As a result of these experiment the following issues arose which lead to the subsequent work in this research project.
a) It was difficult to align the channel with the tip of the microchip during the manufacture of some of the preliminary prototypes. b) For some of the prototypes fabricated on polycarbonate substrate, the fluid was moving into the microchannel by capillary action at a much slower rate. c) Part of the fluid sample was lost due to evaporation.
To address the first issue, hot embossing technique was chosen for fabrication of the polymer chips. For hot embossing, the polymer disk and the tool disk were prepared keeping in view the alignment issue. This is explained in the section 6.1. For the second problem, the polymer surfaces were exposed to UV light for duration of 8 -10 minutes. The lamps used for UV treatment were 17 Watt lamps with spectral output at both 254 nm and 185 nm. The capillary action does not happen for some polymers if their surface is hydrophobic in nature. The UV treatment makes the surface hydrophilic which accelerates the capillary action for fluid flow through the microchannel. The polymer surface was successfully tested for hydrophilic nature by doing the contact angle measurement experiment. In this experiment a droplet was dropped on the surface of UV exposed substrate material and the relative contact angle (θ) noted was 30°-32°. This low static contact angle measured indicates that the surface of the polymer is moderately hydrophilic. Thereafter, the ability of a polymer to revert back to its hydrophobic state was considered and the duration of time taken by the polymer to revert back was observed. These UV treated microchips when stored in a vacuum environment retain their hydrophilicity for a longer duration of time. Another observation was that the preliminary prototypes were made by common workshop tools that produced microchannels with rough surfaces. In contrast, the hot embossed microchannels should have comparatively uniform and smooth surfaces. The embossed channel surface will also promote fluid flow by capillary action from reservoir to tip of the microchannel. The third issue is discussed in section 8.
HOT EMBOSSING
Overview of Process
Hot embossing produces identical polymeric devices using a master to repeatedly stamp an image into a number of plastic substrates (Sethu 13 ). In this project, six chips, arranged radially in a polymer disk, are to be produced in a single hot-embossing process. The hot-embossing tool is made in Nickel by a series of processes involving excimer laser ablation for mask production and electroplating techniques, and contains the channel, reservoir and alignment features. The substrate polymer disk is prepared by laser cutting. The substrate disk is either PS or PC and contains six blank chips as shown in Figure 8 . Steps in hot-embossing: i) Open chamber and place the substrate disk (one at a time) on the substrate stage. ii)
Lower the mold -tool disk to just touch the substrate. iii)
Heat the tool and the material disk at the same time to 120°C (based on glass transition temperature) and maintain this temperature for about 5 minutes. iv)
Insert the tool into the polymer under an embossing pressure of about 3.5 MPa and maintain it for 1 minute. v)
Cool the tool and PS/PC disk to 80°C. vi) Vent chamber and then de-mold the polymer disk and the tool. vii)
Separate each embossed microchip from the substrate disk.
The disk diameter is 8 inch and the chip dimensions are 75mm x 25mm x 1.2mm. A central hole on the substrate disk and tool disk aids in positioning the substrate, and two slots on the substrate disk and tool disk complete the alignment before the hot embossing process. Once we have the substrate disk and the tool disk assembled, the hot embossing process can be carried out which results in the substrate obtaining a negative image of the tool. Figure 9 shows the design of substrate disk with six chips formed. 
Prototype Tool Manufacturing
Several attempts at electro-forming a Nickel hot-embossing tool were unsuccessful, and an alternative technique for fabrication of the tool was investigated using laser machining. A prototype tool (64mm diameter x 12 mm thickness) of working volume and uses an Nd: YAG laser with 100 W power. The Laser machining centre used had DML 40 model, with a resolution of 30µm. The software used to control the machining was Lasersoft 3D. High Carbon bright steel, also called as silver steel, was used for laser machining of the tool. Silver steel was chosen due to its ability to produce and hold a micro-fine edge and is generally used for making razors. A perfectly flat surface of the tool was achieved by surface grounding process prior to laser machining. Figure 10 shows a photograph of the prototype tool with microchannel and reservoir feature attached to it with six designs arranged in a radial pattern.
10 (a) Top view of the silver steel tool 10 (b) Isometric view of the silver steel tool Figure 10 : Photograph of prototype tool with microchannel and reservoir features.
A central hole on the tool aids in alignment with the substrate disk during hot embossing process. This prototype tool can be used on any polymer substrate material for embossing or compression moulding processes, and its performance is to be evaluated in future research.
Dynamic Mechanical Analyzer (DMA) Material Test
For the hot embossing process, it was necessary to know the glass transition temperature of polymer substrate material. This was obtained by the DMA (Dynamic Mechanical Analyzer) test which is described below. Also, the DMA test data were used as an input material to carry out the ANSYS simulations. The DMA test was done on the material to measure the Young's modulus and the glass transition temperature (T g ) required for hot embossing. The average size of the test sample was 35 mm x 12.7 mm x 1.2 mm and the method used was Temperature Ramp/Frequency Sweep method. DMA test is carried out using TA instruments DMA 2980 Dynamic Mechanical Analyzer which is generally used to characterize the mechanical and viscoelastic properties of materials. Figure 11 shows the graph obtained from the DMA test for polystyrene material. From the DMA test, the glass transition temperature of polystyrene was found to be 110 °C. The material properties (Young's modulus with varying temperatures) obtained from the DMA test were input into the ANSYS material database to simulate as close to the real process as possible using a non-linear analysis. Also, other material properties of polystyrene and Nickel were inputted in the material properties database in ANSYS, and included Poisson's ratio and thermal expansion coefficient.
SIMULATION OF HOT EMBOSSING
Overview of Nonlinear Analysis using 3D Models
Solid modeling was done in Pro/ENGINEER and the model was then imported to ANSYS (v 11) software. On instigation of simulation study in ANSYS, the non material effects feature was turned on and the stiffness behavior was set to flexible. The contact type was bonded; symmetric and pure penalty formulation were selected. Also, in the solver controls weak springs and large deflection were turned on as it is a nonlinear analysis. A part of microchip model with channel and reservoir features was used in simulations in order to reduce the computational time of each simulation. Moreover, as the analysis time is largely dependent on the element number in any finite element analysis, the geometrical model was simplified.
Simulation Results
A simulation study of the embossing process was carried out in order to design the tool and predict the channel and reservoir shape for a polystyrene substrate. Also, simulations were done to anticipate the hot embossing parameters and to compare them with the actual values. The results of these simulations provide an insight into the hot-embossing process and how the design might be improved. The thermal condition is set to a temperature above the glass transition temperature for uniform simulations. One of the chip designs selected had microchannel dimensions of 220 µm width, 175 µm depth, 12.5 mm length and reservoir diameter of 3mm. The next step was to model the geometry and perform the simulation. The tool has the microchannel and reservoir feature attached to it. The height of the hot embossing tool was 175 µm and it is expected that the channel attains a depth of 175 µm after the application of structural loads. Table 2 shows the various pressures and corresponding deformation values obtained during the simulation process. From simulations study, the optimum hot embossing pressure to obtain the desired channel depth was 4 MPa at a temperature above the glass transition temperature. The pressure obtained is comparable to the actual hot embossing pressures reported in the literature -Lin et al. 14 , Irina. et al. 15 and Luo et al. 16 . Figure 12 shows a Polystyrene substrate of thickness of 1.2 mm and the microchannel depth 174 µm obtained after the simulation. It also shows the deformation and shape of microchannel and reservoir after the nonlinear analysis was completed. In Figure 12 , it appears that the polymer is very soft, and acquires the negative image of the tool in close proximity. However, in the real hot embossing process the tool and substrate are cooled to a set temperature before they are separated (de-embossed). Figure 12 shows a channel depth of 174 µm with a pressure of 4 MPa, while the reservoir depth is approximately 70 µm, which indicates non-uniform deformation due to tilting of the tool. A higher pressure is required for reservoir definition, however, to achieve a uniform deformation of 174 µm depth in the microchannel and the reservoir will present a challenge in the hot-embossing process. In practice, tilting of the tool and tool deformation may occur during the hot-embossing process. In the off-tool samples it was anticipated from experience that the reservoirs would be poorly formed, and hence, the reservoirs would have to be pre-drilled.
DISCUSSION
The goal of this project was to simplify the manufacturing process which can be done by avoiding techniques like bonding and layered structures. One limitation of hot embossing in a research setting is the time and resources needed to produce a master tool able to withstand the temperature and stress of the embossing process. But once the master is obtained, it can be used for mass manufacture of different material polymer microfluidic chips. Secondly, as ours is an open channel design, we have certainly reduced the manufacturing time by avoiding techniques like bonding and gluing, but the open channel has a disadvantage that the fluid evaporation rate is high. However, the analytical time for a 5 µL sample solution used will last for 2 to 3 minutes and this is sufficient for most MS or MS/MS analysis (Shiea et al. 17 ).
CONCLUSIONS AND FUTURE WORK
In this research program, the key objective was to investigate a range of techniques for the production and evaluation of chips used in ESI-MS analysis. The combination of hot-embossing fabrication and open channel provide an improved approach to reduce impurities and simplify manufacture. The simple, portable, and robust assembly of the electrospray system with mounted polymer chips makes it suitable for versatile tests of various chip prototypes. Stable and reproducible ESI performance is crucial for the analysis of liquid samples. Several microchip samples were fabricated and tested, and the electrospray experimental results reported. Fluid flow in the channel is critical for the chip's performance and capillary action was also investigated. Our electrospray system described here has the potential for being portable, compact and miniaturized. This system was designed for low cost and mass manufacture with performance to be comparable to more complex systems reported in literature. The channel shape and deformation is successfully predicted by the simulation study done in ANSYS. Optimum hot-embossing parameters were obtained from the simulation study and then compared to the actual values. While a hot-embossing tool was fabricated using laser micromachining, its evaluation will be conducted during subsequent research, as will be the fabrication and testing of a Nickel electro-formed tool to obtain off-tool samples of microfluidic chips. Further work will be carried out to model the hot-embossing stage using creep analysis in ANSYS. Finally, MS molecular analysis of various fluid samples using different electrodes will also be conducted.
